The oral microbiome plays a critical role in maintaining oral health. Frequent dietary carbohydrate intake can lead to dysbiosis of the microbial community from overproduction of acid with selection for increases in acidogenic, acid-tolerant bacteria. Knowledge of the caries-associated microbiome is key in planning approaches to reverse the dysbiosis to achieve health. For risk assessment and treatment studies, it would be valuable to establish whether microbial monitoring requires assay of multiple species or whether selected key species would suffice. Early investigations of the oral microbiota relied on culture-based methods to determine the major bacteria in health and disease. Microbial monitoring using gene probes facilitated study of larger populations. DNA probe methods confirmed and expanded the importance of transmission of bacteria from mother to infant and association of preselected species, including mutans streptococci and lactobacilli with caries in larger populations. 16S ribosomal RNA (rRNA) probes confirmed the wide diversity of species in oral and caries microbiomes. Open-ended techniques provide tools for discovery of new species, particularly when strain/ clone identification includes gene sequence data. Anaerobic culture highlighted the caries association of Actinomyces and related species. Scardovia wiggsiae, in the Actinomyces/Bifidobacterium family, and several Actinomyces species have the cariogenic traits of acid production and acid tolerance. Next-generation sequencing combined with polymerase chain reaction methods revealed a strong association with mutans streptococci in a high caries population with poor oral hygiene and limited access to care. A population with a lower caries experience generally had lower or no Streptococcus mutans detection but harbored other acidogenic taxa in the microbiome. Study of the microbiome suggests a role for the assay of selected putative cariogenic species in more aggressive diseases. For many populations with caries progression, however, assay of multiple species will likely be warranted to determine the caries profile of the population and/or individuals under study.
Introduction
The caries microbiome plays a critical role and is the primary etiology in dental caries. Use of the term microbiome was ascribed to Joshua Lederberg (2003) with the following description: "the ecological community of commensal, symbiotic, and pathogenic microorganisms that literally share our body space and have been all but ignored as determinants of health and disease." The microbiome that naturally colonizes teeth in health is a biofilm community that can counterbalance acid production from dietary intakes of carbohydrates to maintain an intact tooth surface, for example, by ammonia production from arginine or urea (Burne and Marquis 2000) . Dysbiosis of the biofilm, with change of the bacterial composition, occurs when excessive and frequent intakes of carbohydrates result in acid production that exceeds the buffering capacity of the healthy microbiome. This increases risk of demineralization of the tooth surface and can lead to dental caries. Associated risk factors for caries include the mineralization status of teeth and quantity and composition of saliva in the oral cavity. Understanding of the dysbiosis of the biofilm has included focus on selected acidogenic and aciduric caries-associated species, considered caries pathogens, and modulation of the biofilm as a whole, including species in the core community and species that can balance the acid produced after normal dietary intakes of carbohydrates. Major putative caries pathogens include the mutans streptococci, Streptococcus mutans and Streptococcus sobrinus, and various Lactobacillus species. An extended ecological plaque hypothesis (Takahashi and Nyvad 2011) incorporates roles in caries initiation and progression for other acid-tolerant Streptococcus, Actinomyces, Bifidobacterium, and Lactobacillus species. There is a critical role for knowledge of the caries microbiome for caries risk assessment, prevention, and treatment and for the development of new anticaries therapies. A major consideration is what components of the microbiome are most efficient, effective, and realistic to monitor to evaluate reversal of the microbiome dysbiosis to that compatible with health. In this short review, 2 hypotheses are considered: 1) monitoring target putative caries pathogens (e.g., S. mutans and Lactobacillus species) or 2) monitoring the community seeking upset of balance away from health. A more detailed review of the caries microbiome was previously presented .
Exploring the Caries Microbiome
The bacteria on teeth related to dental caries have been studied for over 100 y using microbial methods contemporary to the time of study. An early director of The Forsyth Institute, Percy Howe, published a paper on the microbiology of dental caries in 1917 that noted the key role of bacteria currently recognized as Lactobacillus and Bifidobacterium species. Howe also pioneered chemotherapeutic treatments incorporating silver (Brown 1952) , approaches that have had a resurgence of interest. Microbial studies into dental caries continued at The Forsyth Institute. Harold Jordan and coworkers showed microbial transmission between mothers to children using bacteriocin typing of S. mutans (Berkowitz and Jordan 1975) . Ronald Gibbons considered S. mutans as a major pathogen of dental caries and, with van Houte, demonstrated increased adherence of S. mutans for tooth surfaces over other oral mucosal sites (Gibbons and van Houte 1971) . With Caufield, Gibbons studied efficacy of topical iodine for suppressing S. mutans (Caufield and Gibbons 1979) . van Houte also published seminal microbiology findings in caries etiology that continue to provide background to studies today. van Houte was a strong advocate of a caries microbiota that did not rely on S. mutans solely for cariogenicity, and he described the acidogenicity and caries association of several bacterial groups, including nonmutans streptococci and bifidobacteria in addition to lactobacilli and S. mutans (van Houte et al. 1996; van Houte et al. 1991) . Several studies demonstrated that anaerobic approaches improved viable recovery of oral bacteria, including those associated with dental caries by Loesche and coworkers (Loesche and Syed 1973) . Findings from these studies were replicated by other investigators (Hardie et al. 1977) to provide a background for understanding the composition of the caries-associated biofilm to include specific highly aciduric and acidogenic species, particularly S. mutans, and other acidogenic species in Actinomyces, Bifidobacterium, and nonmutans streptococci.
Preselected Species Assay Using DNA Probes
Molecular methods using DNA and 16S ribosomal RNA (rRNA)-based probes facilitated analysis of oral bacteria from more individuals than with culture-based methods. In one approach, DNA probes made from cultured bacterial species and bacterial samples were applied to membranes in a checkerboard-type array (Socransky et al. 1994) . This assay was used on samples from young children with aggressive caries in Saipan, Micronesia (Milgrom et al. 2000) . Background and diet information was obtained by survey and caries status and oral microbiota evaluated in 6-to 36-mo infants and that of their primary caregivers (Tanner et al. 2002) . S. mutans was the primary caries-associated species, and its detection in the infants was strongly associated with its detection in the child's primary caregiver (Tanner et al. 2002) . Indeed, all the 38 assayed species that included caries, gingival, and periodontal species were detected more frequently in children when also detected in the caregiver. The age at which species were detected was more strongly associated with species detection in the caregiver than the infant age. Implications for therapy from these observations include that any treatments designed to prevent or reduce colonization of S. mutans would need to start very early. Furthermore, the high concordance between the microbiota detected in caregivers and infants indicates the value of treating caregivers/mothers to reduce the likelihood of transmission of pathogenic species.
In another population in Boston, Massachusetts, young children were monitored for the presence of caries during an extended pediatrician well-child visit (Nunn et al. 2009 ). Demographic, dietary, and diet history data were obtained from the child's caregiver in addition to oral microbial samples from children. Bacteria were assayed by DNA probes and by polymerase chain reaction (PCR) for S. mutans (Kanasi, Johansson, et al. 2010 ). There was a higher detection frequency of species including S. mutans and other caries-associated species from tooth than tongue samples, suggesting that sampling the tongue could underestimate detection of S. mutans and other cariesassociated species. Comparing microbial methods, a speciesspecific PCR assay for S. mutans yielded a higher detection frequency in caries children than the DNA probe assay, suggesting improved detection sensitivity by the more targeted PCR method. In modeling of the microbial data by caries status by partial least squares regression, there was a higher specificity for S. mutans with caries detection with the PCR assay than by probes. Further different associations with caries with several Lactobacillus and Actinomyces species were observed. These observations suggest specificity in the microbiome of dental caries at the species level for several genera and that an all Lactobacillus species assay, as from a selective medium or genus PCR test, may not differentiate the caries-associated lactobacilli from probiotic health-associated species.
In both of these populations of young children, S. mutans was the principal caries-associated species observed, although the association was microbiological method dependent: targeted assay by PCR was more sensitive than a multispecies probe approach.
Open-Ended Microbiology Methods, 16S rRNA-Based, Anaerobic Culture, Next-Generation Sequencing
The whole genomic probes were limited to detecting a preselected set of cultured species and limits enquiry into new bacterial associations with disease. Sequence-based analyses, initially using PCR of the 16S rRNA gene, cloning amplicons, and their sequencing, however, showed a much larger diversity of species, including many previously unrecognized/ uncultured in oral samples . Sequencebased data were used to design bacterial probes that were initially assayed in a "reverse-checkerboard" assay (Socransky et al. 1994 ) and then miniaturized to arrays, for example, the Forsyth-based Human Oral Microbe Identification Microarray (HOMIM) microarray (Preza et al. 2009 ). Together, these 16S rRNA-based approaches allowed a relatively rapid and/or indepth assay of the wide diversity of species from multiple sites. In particular, there was emergence of a wider spectrum of species in "Gram-positive rod" genera as caries associated. These included Atopobium, Propionibacterium, and Bifidobacterium in addition to Actinomyces and Lactobacillus (Aas et al. 2008) . Furthermore, many Gram-negative genera and species were detected in carious lesions, including Selenomonas, Fusobacterium, Porphyromonas, and Haemophilus (Corby et al. 2005; Gross et al. 2010) . At the same time, there were increasing reports of a lack of detection of S. mutans in carious lesions and recognition of nonmutans caries-associated microbiotas, consistent with previous observations from culture-based analyses (Hardie et al. 1977; Boyar et al. 1989; van Houte et al. 1994) . One taxon that emerged as associated with severe early childhood caries (ECC) was an unnamed "Bifidobacterium CX010" species, in addition to S. mutans (Becker et al. 2002) .
To better understand the caries microbiome a comparison of anaerobic culture (Tanner, Kressirer, et al. 2011 ) and 16S rRNA cloning analysis (Kanasi, Dewhirst, et al. 2010) , methods revealed increased detection of Actinomyces by culture methods (Tanner 2015) . Furthermore, since species detected by molecular cloning methods were also cultured, this suggested that most of microbiota associated with dental caries is cultivable as previously described (Munson et al. 2004) . Highest counts and diversity were from the blood agar and included several unnamed taxa recognized previously from noncultural methods. These isolates were submitted to the Human Oral Microbiome Database (HOMD) pipeline for full genome sequencing. Some "uncultureability" can thus be explained by sequence-based versus biochemical tests for characterization. These findings suggest that it is unlikely there are major groups of "hidden" species for consideration in caries treatment regimens as long as methods can encompass the microbiota present.
Different segments of the microbiota were cultured on a rich blood-containing agar compared with the low pH acid isolation medium (Figure 1 ). The greatest separation between microbial populations from caries-free and ECC children was from the acid isolation medium. This observation suggests that the major differentiation between health and caries is in the acid-tolerant population selected during the disease process, rather than the predominant microbiota that includes the core microbiome. Acid isolation suppressed total counts about 10-fold (Hughes et al. 2012) , particularly for most Gram-negative genera, except for Veillonella species (Tanner, Kressirer, et al. 2011) . Acid-tolerant species included selected Streptococcus and Actinomyces species, including the mutans streptococci, Actinomyces odontolyticus and several unnamed Actinomyces species, Bifidobacterium/Scardovia, and Lactobacillus species. The 2 major caries-associated species, however, S. mutans and Scardovia wiggsiae, were significantly different between health and disease from both acid and blood agar isolation. Nevertheless, the proportion of S. mutans and, by extension, S. wiggsiae was at low overall proportions of the microbiome since S. mutans from selective isolation comprised at most 10% of the total blood and 30% of the acid agar counts (Hughes et al. 2012) . Together, findings from comparing detection of S. mutans by different methods have implications in designing microbial monitoring. To explore the microbiota, open-ended cultural or molecular methods would Figure 1 . Severe early childhood caries (ECC) and caries-free (CF) microbiomes from blood pH 7 and acid pH 5 agar isolation. The anaerobic microbiota was characterized and compared from 40 caries-free and 42 severe ECC children (Tanner, Kressirer, et al. 2011 ). Microbiomes of children were compared using principal component analysis. The microbiota from ECC from acidic agar isolation was more tightly clustered than that from caries-free children, with some separation of the ECC and CF communities. The microbiota cultured on blood agar (pH 7) was more widely distributed than that from acid agar. There was considerable overlap in the ECC and CF communities.
be appropriate. If, however, the study goal is to detect or suppress target acidogenic cariesassociated taxa, then methods that include acid isolation or focus on species specific identification, including PCR and quantitative PCR (qPCR) methods, would have greater sensitivity.
A major issue posttherapy is caries progression to new sites and recurrent caries around restorations, particularly for severe ECC following restorative therapy under general anesthesia (Berkowitz et al. 2011) . Furthermore, S. mutans levels have not been reliable in predicting children with treatment relapse (Berkowitz et al. 2011; Hughes et al. 2012) . Pre-and posttreatment monitoring indicated that successful treatment was accompanied by a changed microbial profile of several species detected using a multispecies microarray, although not significantly for S. mutans ). The changed profile was not observed in the microbiota of children with caries progression and new lesions. This finding suggests that microbial shifts are possible but would require monitoring for several taxa to evaluate the change.
Risk assessment for dental caries frequently incorporates diet and bacteria, and the interrelatedness was shown by an association between S. mutans detection and intake frequency of putative cariogenic foods (Palmer et al. 2010 ). In the severe ECC population studies, risk assessment using 8 species, including S. mutans, S. wiggsiae, and S. sobrinus, gave a receiver operator curve (ROC) 82.2, whereas risk assessment with only 3 species, S. mutans, S. wiggsiae, and S. sobrinus, and addition of diet (over 4 cariogenic beverages, including ice cream and sweetened yogurt a day) yielded a very similar value of ROC 81.1 (Figure 2) . Thus, considering diet as well as the microbiota added to risk assessment as previously advocated (Bratthall and Hansel Petersson 2005) . In clinical practice, the tests selected would need to be tailored to the population under study as caries is not a homogeneous disease and likely include factors other than diet and bacteria. Modeling on microbiota, diet, and clinical characteristics showed 2 groups of ECC children, highlighting heterogeneity in caries populations (Palmer et al. 2010 ). Together, these observations highlight the value of pretreatment to know what disease/ microbiota and dietary risk factors the individual patient has before designing therapy and addressing the caries dysbiosis.
The new species, S. wiggsiae (Downes et al. 2011) , which was identified as caries associated in severe ECC (Tanner, Kressirer, et al. 2011) , was previously recognized as the unnamed "Bifidobacterium" clone, CX010 (Becker et al. 2002) . S. wiggsiae was detected in 40% of caries children without S. mutans (Tanner, Kressirer, et al. 2011) , suggesting further study was indicated on the potential cariogenicity of the new species (Kressirer et al. 2017) . Several new Actinomyces species, designated by HOT (HOT = Human Oral Taxon [www. homd.org]) numbers, were cultured that were acid tolerant; thus, the acidogenic potential at low pHs was of interest to explore cariogenic potential (van Houte 1994) . S. wiggsiae and several Actinomyces isolates were acid tolerant when tested on a low pH agar (Table) . Using a microtiter plate format, strains were acidogenic with similar terminal pH values, at initial neutral and low pHs. Final pH readings and acid-tolerant growth of some Actinomyces were similar to those of S. mutans and S. sobrinus reference strains tested. Other Actinomyces strains were less acid tolerant and acidogenic, suggesting considerable heterogeneity of potential cariogenicity within Actinomyces. Actinomyces have long been recognized as components of the caries microbiome and are a key group in caries initiation and progression under the extended ecological plaque hypothesis (Takahashi and Nyvad 2011) . Acidogenicity under acid conditions by members of Actinomyces as well as Scardovia affirms the importance of these species in the caries microbiome and very likely as components in caries risk assessment.
In addition to severe ECC, S. wiggsiae was associated with caries initiation in 2 different populations of adolescents with fixed orthodontic appliances Torlakovic et al. 2012) . The microbiota associated with fixed orthodontic appliances, however, has been studied mainly relative to gingivitis, and both S. mutans and S. wiggsiae were also associated with gingivitis, although the primary association was with the white spot lesions . Both caries and gingival inflammation are plaque associated, and consideration of both would be needed to differentiate the primary disease association and importance in treatment effects, if any. Final pH glucose broth: bold = pH <4.0, italic = pH 4 to <4.5, bold italic = pH ≥4.5 Actinomyces strains showed a range of final pH values in media at initial pH 7 and pH 5.5. Differences were significant between strains at initial pH 7 for all groups (P < 0.01) but not for media at initial pH 5.5 (P < 0.05) when tested by analysis of variance with Bonferroni adjustment. Strains tested were either reference strains or clinical isolates (Tanner, Kressirer, et al. 2011) . Strains for testing were cultured anaerobically on blood agar. For low pH agar growth, medium containing Bacto yeast agar (10 g/L), brain heart infusion (26 g/L), and tryptic soy agar (20 g/L) was prepared and pH adjusted using 0.2 N HCl to pH 7.0 and pH 5.5. After test strains were inoculated and incubated anaerobically for 3 to 4 d, growth on agar at pH 5.5 was compared with that at pH 7.0. For acid production, neutralized soya peptone (5 g/L), trypicase peptone pancreatic digest of casein (3 g/L), and Bacto yeast extract (10 g/L) was prepared without added carbohydrate and filter sterilized sugars added to final concentrations of 1% glucose, 1% sucrose, 1% fructose, or no added sugar for controls and distributed in flat-bottomed 96-well microtiter plates. Broths were inoculated with suspensions of test strains and incubated anaerobically for 48 h. Final pH values were read with a microelectrode. Tests were run in triplicate and mean values and standard deviation of the mean calculated. a 2 = equivalent to growth on agar at pH 7. 1 = less than growth on agar at pH 7. b Mean of triplicate readings ± standard deviation of mean.
A B
Next-generation sequencing is a molecular open-ended approach to investigate the microbiome and was used in parallel with PCR to evaluate microbiotas of Swedish and Romanian adolescent populations that had very different access to dental care and caries experience (Johansson et al. 2016) . Adolescents from Romania, mean age 14.4 y and minimal previous exposure to dental care, on examination had abundant plaque and a mean decayed missing filling surface (DMFS) score of 20.1. This contrasted from 17-y-old Swedish caries-free and cariesactive (mean DMFS 7.5) children who had experienced routine dental care and had minimal detectable dental plaque. In addition to a higher caries experience in the Romanian than Swedish adolescents, there was a higher detection frequency of S. mutans in the Romanian children: 85.7% compared to 50% in the caries-active Swedish children. Detection of the Streptococcus sobrinus was significantly different between populations at 50% of the Romanian children but not detected in the Swedish population examined. Thus, clear differences in association of mutans streptococci with caries was observed, which appeared associated with extent of caries, access to dental care, and lower socioeconomic status in general.
The microbiome assayed by next-generation sequencing revealed the microbial diversity and microbiomes that characterized caries-active Romanian, caries-active Swedish, and caries-free children beyond S. mutans (Johansson et al. 2016) (Fig. 3) . In addition to S. mutans and S. sobrinus, the more acidogenic microbiota of the higher caries Romanian children included several nonmutans Streptococcus species. The microbiota that characterized the Swedish population with caries included, among the more fermentative species, unnamed Actinomyces taxa and Streptococcus constellatus. In contrast, the acidogenic microbiota of the Swedish caries-free children was characterized by 8 Actinomyces species, not characteristic of the Swedish caries children, and nonmutans streptococci.
Comparison of the caries microbiota of these 2 very different populations highlights differences in the association of S. mutans in relation to caries, particularly clear since both populations were monitored at the same time by the same microbiological Figure 3 . Microbiome of Romanian (high caries, blue), Swedish (low caries, yellow), and Swedish caries-free adolescents (red). Partial least squares (PLS) regression modeling using caries grouping, microbiota from pyrosequencing, and sweet snack intake (Johansson et al. 2016) . (A) PLS scatterplot illustrating separate clustering of the low-, high-, and no-caries groups based on the microbiota and diet. (B) PLS loading plot of the microbial variables separating the clinical groups highlighting the Streptococcus and Actinomyces taxa, the major-acid producing taxa, in each clinical condition and numbers of taxa detected in each group. methods. Clinical and treatment studies suggest the need to evaluate the disease-associated microbiota of the population as well as individuals before testing for risk assessment and treatment effects. For caries in the absence of mutans streptococci, monitoring for a wide array of species, including Actinomyces species, would be warranted.
Conclusion
The oral microbiota is a complex community that, under the influence of a carbohydrate-frequent diet, produces an acidic environment on the tooth that can lead to demineralization and dental caries. Several species in the dysbiosis community of aggressive caries are strongly caries associated, acidogenic, and acid tolerant and are more likely to contribute to the caries process than other microbiome residents. Aggressive caries would likely be amenable to monitoring for selected putative caries pathogens as proposed under the first hypothesis for microbial monitoring. These diseases include severe ECC and the progressing disease characterized by the previously untreated Romanian adolescents with high caries experience.
Not all caries-microbiotas are similar, however, and the acidogenic role can be carried out by different species in different individuals and populations. Key caries-associated species may not be identified easily, and different approaches for microbial monitoring would be needed. For this less-marked dysbiosis, the development of rapid multitaxon assays has the potential to provide tools to evaluate the caries-associated community and detect posttreatment changes consistent with a more health-compatible microbiota. Monitoring under these conditions would be more in line with the second hypothesis with microbial community-based monitoring.
In clinical practice, microbial monitoring would have the highest value in progressing disease to determine appropriate end points of therapy and provide patient feedback by knowing lowered detection of disease-associated taxa. For clinical research, updating knowledge of the caries-associated microbiome is critical prior to developing new anticaries therapies.
Author Contributions
A.C.R. Tanner, contributed to conception, design, data acquisition, analysis, and interpretation, drafted and critically revised the manuscript; C.A. Kressirer, S. Rothmiller, contributed to design and data acquisition, critically revised the manuscript; I. Johansson, contributed to conception, design, data acquisition, and interpretation, critically revised the manuscript; N.I. Chalmers, contributed to design, data acquisition, and analysis, critically revised the manuscript. All authors gave final approval and agree to be accountable for all aspects of the work.
